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Description 

A Micro-Electro-Mechanical Switch 
(MEMS) Display Panel with On-Glass 
Column Multiplexers Using MEMS as 

Mux Elements 

Cross Reference to Related Applications 

[0001] This application claims the benefit of U.S. provisional ap- 
plications for "High Resolution, High Color Display 
Achieving Lower Cost and Lower Power Consumption with 
Reduced Interconnect Requirements", U.S. Ser. No. 
60/436,556, filed 12/26/02, and for "High Resolution, 
High Color Display Achieving Lower Cost and Lower Power 
Consumption with Reduced Interconnect Requirements", 

U.S. Ser. No. 60/428,200, filed 11/21/02. 
Background of Invention 

[0002] This invention relates to Micro-Electro-Mechanical 

Switches (MEMS), and more particularly to MEMS displays 
with column muxing on the display substrate using MEMS. 



[0003] Flat-panel displays are rapidly displacing cathode-ray 
tube (CRT) displays as computer monitors. Small elec- 
tronic devices including cell phones, personal digital as- 
sistants (PDAs), and music players have used flat-panel 
displays using liquid crystal display (LCD) technology. 

[0004] Another flat-panel display technology uses nano- 

technology devices such as small switches with moving 
parts that are electronically activated to move. A physical 
spacing between plates can be adjusted to vary light re- 
flection, transmission, or color of a pixel or sub-pixel. 
Such display devices may employ Micro-Elec- 
tro-Mechanical Switches (MEMS). 

[0005] a MEMS display may have an array of individual MEMS dis- 
play elements arranged in hundreds of rows and columns. 
Figures 1A-D illustrate operation of 2 MEMS display ele- 
ments. MEMS elements are fabricated on glass substrate 
10, which can be a rigid silicon-dioxide or other type of 
glass, or may be a plastic or other kind of substrate. The 
viewer may see light transmitted through glass substrate 
that is altered by MEMS elements 20, 22 on the back sur- 
face of substrate 10. Additional layers and films may be 
added to substrate 10, such as to reduce glare. 

[0006] Column electrodes 12, 14 are formed of conductive mate- 



rial on the lower surface of glass substrate 10. Electrical 
signals for column 0 are applied to column electrode 12, 
while different electrical signals for column 1 can be ap- 
plied to column electrode 14. However, both MEMS ele- 
ments 20, 22 are in the same row, and thus have row 
electrodes 16, 18 that are formed from the same conduc- 
tive row material. A thin flexible metal or other conductive 
material may be used as the row material that includes 
row electrodes 16, 18. The flexible row material may be 
supported on glass substrate 10 by supporting structures 
and layers (not shown) that surround the moving row 
electrode portions of MEMS elements 20, 22. 

[0007] r ow electrodes 16, 18 of MEMS element 20, 22 can move 
in position relative to column electrodes 12, 14 and sub- 
strate 10 when certain electric fields are applied. In un- 
powered and low-voltage states, row electrodes 16, 18 
are separated from column electrodes 12, 14 by a gap as 
shown in Fig. 1A. When a larger voltage difference is ap- 
plied between the row and column electrodes of a MEMS 
element, electrical attraction pulls the row electrode closer 
to the column electrode, reducing the gap, such as shown 
for MEMS element 22 of Fig. IB. 

[0008] | n pig. 1A, row electrodes 16, 18 have 0 volts applied, 



while column electrodes 12, 14 have -2 volts applied. The 
voltage difference from column electrode 12 to row elec- 
trode 16 is -2 volts, which is too small of a voltage differ- 
ence to attract and move row electrode 16 closer to col- 
umn electrode 12. Thus MEMS elements 20, 22 remain in 
a cleared state. 

[0009] | n pig. IB, the row voltage is still 0 volts, which is the row- 
select voltage. However, column electrode 14 has +6 volts 
applied. The voltage difference from column electrode 14 
to row electrode 18 is now +6 volts, which is a sufficiently 
high voltage to attract and move row electrode 18 closer 
to column electrode 14. The stronger electrical attraction 
at +6 volts is sufficiently strong to move row electrode 18 
and reduce the gap between electrodes 14, 18 as shown. 
The +6 volts applied to column electrode 14 is thus a SET 
voltage since it sets MEMS element 22. 

[0010] | n pig. ic, the row is de-selected by raising the voltage of 
row electrodes 16, 18 from 0 to +2 volts. The voltage dif- 
ference from column electrode 14 to row electrode 18 is 
reduced to (+6 - +2 =) 4 volts, while the voltage differ- 
ence from column electrode 12 to row electrode 16 is in- 
creased to (-2 - +2 =) -4 volts. However, the 4-volt dif- 
ference is not sufficient to move row electrodes 16, 18, 



but this absolute voltage difference of 4 volts is sufficient 
to hold the positions of row electrodes 16, 18. Thus when 
the row voltage is moved to the more intermediate voltage 
of +2 volts, MEMS elements 20, 22 remain in the last state 
since their voltage differences between row and column 
electrodes is not large enough to move their row elec- 
trodes. 

[0011] The intermediate row voltage of +2 volts is known as a 
de-select voltage since the column voltages can change 
and not affect the position of the row electrodes. For ex- 
ample, the voltage of column 0 could change from -2 to 
+6 volts and the position of row electrode 16 would not 
change since absolute voltage differences of 4 volts are 
too small to move row electrode 16. Another row (not 
shown) in the display array could be selected and its 
MEMS elements set or cleared. 

[0012] The distance DO between column electrode 12 and row 
electrode 16 in MEMS element 20 in the CLEARed state is 
large enough to allow light to resonate within the gap and 
be reflected back from the gap between row electrode 16 
and column electrode 12 through glass substrate 10. The 
wavelength or color of the reflected light can be adjusted 
by the distance DO between electrodes, allowing some 



display elements with a larger DO to display red while 
other MEMS elements with a smaller DO display green or 
blue. 

[0013] The distance Dl between column electrode 14 and row 
electrode 18 in MEMS element 22 in the SET state is too 
small to allow light to be reflected back through glass 
substrate 10. Instead, light is absorbed by the top surface 
of the row electrodes, which can be coated black. The dis- 
tance Dl may be close to zero when row electrode 18 
touches column electrode 14, such as when an insulating 
layer (not shown) is formed on either electrode. The 
viewer observes MEMS element 22 as being dark, while 
MEMS element 20 appears lit. 

[0014] | n pig. ID, the row is again selected by lowering its volt- 
age from +2 to 0 volts. Column electrodes 12, 14 each 
have a clearing voltage of -2 volts applied. The voltage 
difference from column electrode 14 to row electrode 18 
decreases to (-2 - 0 =) -2 volts. The absolute voltage dif- 
ference of 2 volts is not sufficient to keep row electrode 
18 near column electrode 14, so row electrode 18 snaps 
back away from column electrode 14. MEMS element 22 is 
cleared and now appears lit to the viewer. 

[0015] Figure 2 is a table summarizing applied voltages and 



states of the display MEMS elements. When the row volt- 
age is 0 volts, the row is selected and the MEMS elements 
can change state. When the row voltage is -2 volts the row 
is de-selected and the MEMS elements hold their prior 
state, either lit or dark. 
[0016] when the row is selected (0 volts) and the column voltage 
is +6 volts, the voltage difference of 6 volts is large 
enough to generate attractive electrical forces to move the 
row electrode near the column electrode. The MEMS ele- 
ment is set. The reduced gap causes the MEMS element to 
appear dark. 

[0017] when the row is selected (0 volts) and the column voltage 
is -2 volts, the voltage difference of -2 volts is too small 
to generate attractive electrical forces. Instead, elastic 
forces in the row electrode material or its supporting 
structures cause the row electrode to move away from the 
column electrode, to snap back into the separate state. 
The MEMS element is cleared. The large gap between 
electrodes causes the MEMS element to appear lit. 

[0018] when the row is not selected (-2 volts) and the column 
voltage is +6 volts, the voltage difference of +4 volts 
generates an intermediate attractive electrical force. This 
intermediate force approximately balances the elastic 



forces in the row electrode material or its supporting 
structures. Since the forces are balanced, the row elec- 
trode does not move. The row electrode remains in its 
prior position, either separated or near the column elec- 
trode. This is a hold of the prior state. 

[0019] when the row is not selected (-2 volts) and the column 

voltage is -2 volts, the voltage difference of -4 volts gen- 
erates an intermediate attractive electrical force that ap- 
proximately balances the elastic forces in the row elec- 
trode material. Since the forces are balanced, the row 
electrode does not move. The row electrode remains in its 
prior position, either separated or near the column elec- 
trode, and the prior state is held. 

[0020] such MEMS displays are useful and are becoming more 
popular as MEMS processing technology improves. How- 
ever, a large number of row and column drivers may be 
needed to drive each of the rows and columns. Since each 
pixel may be sub-divided into MEMS elements for the 
three primary colors (R, G, B) and may be further sub- 
divided for gray-scaling, the number of rows and columns 
can each be triple the number of display rows or columns. 
Routing signal traces from the row and column drivers to 
each row or column can be difficult as the size or pitch of 



the row and column drivers may be larger than the MEMS 

display elements. 

[0021] what is desired is a MEMS display that uses fewer row and 

column drivers. A MEMS display that can be driven by a 

reduced number of row and column drivers is desired. 
Brief Description of Drawings 

[0022] Figures 1A-D illustrate operation of 2 MEMS display ele- 
ments. 

[0023] Figure 2 is a table summarizing applied voltages and 
states of the display MEMS elements. 

[0024] Figures 3A-D show MEMS switch elements with additional 
contact electrodes. 

[0025] Figures 4A-B show a pair of MEMS switch elements being 
used as a MEMS storage mux for driving a column in an 
array of MEMS display elements. 

[0026] Figure 5 shows a 1:16 mux constructed from MEMS stor- 
age muxes. 

[0027] Figure 6 shows MEMS muxes for driving a 240-column 
display. 

[0028] Figure 7 shows a MEMS display with a column MEMS mux 

on the same glass substrate. 
[0029] Figure 8 shows a MEMS display with both column and row 

MEMS muxes on the display glass substrate. 



[0030] Figures 9A-C show redundant MEMS switch elements to 

increase manufacturing yield. 
[0031] Figure 10 is an alternative embodiment of the one-bit 

MEMS storage mux using only one select line rather than 

two complementary select lines. 

[0032] Figure 11 highlights transparency-weighted gray-scaling 

for a MEMS sub-pixel. 
Detailed Description 

[0033] The present invention relates to an improvement in MEMS 
displays. The following description is presented to enable 
one of ordinary skill in the art to make and use the inven- 
tion as provided in the context of a particular application 
and its requirements. Various modifications to the pre- 
ferred embodiment will be apparent to those with skill in 
the art, and the general principles defined herein may be 
applied to other embodiments. Therefore, the present in- 
vention is not intended to be limited to the particular em- 
bodiments shown and described, but is to be accorded 
the widest scope consistent with the principles and novel 
features herein disclosed. 

[0034] The inventor has realized that additional contact elec- 
trodes can be formed on a MEMS element. These addi- 
tional contact electrodes can allow the MEMS element to 



function as a relay or switch. Since the MEMS elements can 
retain the prior state when the row voltage is driven to an 
intermediate, de-selected voltage, these MEMS elements 
can also act as storage elements, storing or retaining their 
prior state. 

[0035] The inventor realizes that muxes can allow a reduced 
number of column drivers to drive a larger number of 
columns of MEMS display elements. The muxes can be 
constructed from MEMS elements that have the additional 
contact electrodes. Since the mux MEMS elements and the 
display MEMS elements are similar, they can be formed 
together on the same glass substrate. A reduced number 
of column pre-drivers off the substrate are then needed 
to drive the larger number of display columns since the 
MEMS-based muxes expand the number of columns 
driven. 

[0036] Figures 3A-D show MEMS switch elements with additional 
contact electrodes. In Fig. 3A, column electrodes 12, 14 
are formed on the underside of glass substrate 10 while 
row electrodes 16, 18 are formed from a row material 
such as a flexible metal line that is supported by support- 
ing structures (not shown) to substrate 10. 

[0037] Additional processing steps are provided to form column 



contact electrodes 32, 36 and row contact electrodes 34, 
38. Insulator layer 28 separates contact electrodes 32, 34, 
36, 38 from row and column electrodes 12, 14, 16, 18. 
Insulator layer 28 isolates the contact electrodes from row 
and column electrodes. For example, insulator layer 28 
allows column contact electrode 32 to carry a different 
electrical signal than column electrode 12. 

[0038] Contact electrodes touch and make electrical connection 
when the MEMS switch is set, such as shown for MEMS 
switch 26. For example, when a large voltage difference is 
applied across row electrode 18 and column electrode 14, 
the attractive electrical force pulls row electrode 18 up- 
ward toward column electrode 14. Row contact electrode 
38 touches and makes an electrical connection with col- 
umn contact electrode 36 as shown. Insulator layer 28 
keeps contact electrodes 36, 38 isolated from column 
electrode 14 and row electrode 18, allowing a separate 
signal to be carried by the contact electrodes. 

[0039] The connection between contact electrodes is broken 
when the MEMS switch is cleared, such as shown for 
switch 24. A low voltage applied across column electrode 
12 and row electrode 16 allows row electrode 16 to snap 
back away from column electrode 12, clearing MEMS 



switch 24. As the gap between electrodes 12, 16 in- 
creases, contact is broken between row contact electrode 
34 and column contact electrode 32. 

[0040] Figure 3B is a layout view of two MEMS switches. MEMS 

switch 24 is formed where row material that includes row 
electrode 16 intersects column metal that includes column 
electrode 12. Likewise, MEMS switch 26 is formed where 
row material that includes row electrode 18 intersects col- 
umn metal that includes column electrode 14. Many MEMS 
switches can be arrayed in many rows and columns. 

[0041] Column contact electrode 32 can be connected to column 
contact trace 32', while row contact electrode 34 can be 
connected to a different wiring trace, row contact trace 
34'. When MEMS switch 24 is cleared, column contact 
electrode 32 is separated from row contact electrode 34 
and column contact trace 32' is electrically isolated from 
row contact trace 34'. However, when MEMS switch 24 is 
set, column contact electrode 32 touches row contact 
electrode 34 and column contact trace 32' is electrically 
connected to row contact trace 34'. 

[0042] pig. 3B shows a simplified, idealized layout. The actual 
shapes of lines and electrodes can be varied, such as by 
having notches, diagonal edges, bends, twists, etc. that 



are common in semiconductor memory cell layout. Adja- 
cent lines within the switch array can be shared, such as 
shown for row contact traces 34', 36', or may be separate. 
A layer of insulating material (not shown) between row 
and column contact electrodes can have openings at each 
MEMS switch, such as at the intersection of column and 
row traces 32', 34', which form column and row contact 
electrodes 32, 34, 36, 38. 

[0043] pig. 3C shows an electrical symbol that represents one of 
the MEMS switch elements of Figs. 3A-B. MEMS switch 24 
is controlled by voltages applied to column electrode 12 
and row electrode 16. For example, when MEMS switch is 
at position 0,0 in an array, row zero (ROW_0) is connected 
to row electrode 16 while column zero (COLO) is applied 
to column electrode 12. 

[0044] when the absolute value of the voltage difference between 
column electrode 12 and row electrode 16 is greater than 
an upper threshold (>6 volts), MEMS switch 24 is set, 
causing the row and column electrodes to move toward 
each other. This causes an electrical connection between 
row contact electrode 34 and column contact electrode 
32, so that signal DIN applied to row contact electrode 34 
is passed through column contact electrode 32 to signal 



DOUT. 

[0045] when the absolute value of the voltage difference between 
column electrode 12 and row electrode 16 is less than a 
lower threshold (<2 volts), MEMS switch 24 is cleared, 
causing the row and column electrodes to move away 
each other. This causes an electrical dis-connection be- 
tween row contact electrode 34 and column contact elec- 
trode 32, so that signal DIN applied to row contact elec- 
trode 34 is isolated from column contact electrode 32 and 
signal DOUT. 

[0046] when the absolute value of the voltage difference between 
column electrode 12 and row electrode 16 is between the 
upper and lower thresholds (4 volts), MEMS switch 24 is 
held in the last state, either set or cleared. An electrical 
connection or disconnection remains as before between 
row contact electrode 34 and column contact electrode 
32. The column and row voltages can change and not al- 
ter the state of MEMS switch 24 as long as the absolute 
voltage difference remains between the upper and lower 
thresholds. 

[0047] Thus MEMS switch 24 acts as a voltage-controlled relay 

with a memory ability. The absolute voltage difference ap- 
plied to column electrode 12 and row electrode 16 con- 



trols setting, clearing, or holding the switch. Connection 
or isolation between column contact electrode 32 and row 
contact electrode 34 depends on the state of MEMS switch 
24. Otherwise column contact electrode 32 and row con- 
tact electrode 34 are isolated from column electrode 12 
and from row electrode 16. 

[0048] pig. 3D is a table highlighting the possible states of the 
MEMS switch. When the row/column voltage difference is 
above the upper threshold, such as when the row is se- 
lected (0 volts) and the column voltage is +6 volts, the 
MEMS switch is set, closing contact between column con- 
tact electrode 32 and row contact electrode 34. The input 
data DIN connects to the output data DOUT. 

[0049] when the row/column voltage difference is below the 

lower threshold, such as when the row is selected (0 volts) 
and the column voltage is -2 volts, the MEMS switch is 
cleared, opening the gap between column contact elec- 
trode 32 and row contact electrode 34. The input data DIN 
is isolated from the output data DOUT. 

[0050] when +2 volts is applied to the row electrode, the row is 
deselected. The voltage difference of +4 or -4 is between 
the upper and lower thresholds, so the last state of the 
MEMS switch is held. The column voltages can change 



within their normal range of +6 to -2 volts since the in- 
termediate row voltage prevents a large or small voltage 
difference from being generated. 

[0051] Figures 4A-B show a pair of MEMS switch elements being 
used as a MEMS storage mux for driving a column in an 
array of MEMS display elements. In Fig. 4A, MEMS switch 
elements 41, 42 are switch elements as described for 
MEMS switch 24 in Figs. 3A-D. MEMS switch elements 41, 
42 together form one-bit MEMS storage mux 40. The col- 
umn electrodes of MEMS switch elements 41, 42 are con- 
nected together as input data DIN while the column con- 
tact electrodes of MEMS switch elements 41, 42 are con- 
nected together as data output DOUT. 

[0052] Complementary row-select signals are applied as row- 
selects to the row electrodes of MEMS switch elements 41, 
42. Row-select SEL_0 is applied to the row electrode of 
MEMS switch element 41, while row-select SEL_0B is ap- 
plied to the row electrode of MEMS switch element 42. 
Both row selects SEL_0 and SEL_0B turn on at the same 
time, but are driven in opposite directions. These opposite 
row-select voltages cause the same input voltage DIN to 
set one of MEMS switch elements 41, 42 while clearing the 
other switch element. One of MEMS switch elements 41, 



42 is set, connecting its contact electrodes together, while 
the other switch element is cleared, disconnecting its con- 
tact electrodes. 

[0053] The row contact electrode of MEMS switch element 41 is 
connected to a fixed voltage of +6v, while the row contact 
electrode of MEMS switch element 42 is connected to a 
different fixed voltage of -2v. When MEMS switch element 
41 is set but switch element 42 is cleared, the fixed +6 
volts applied to the row contact electrode (RC) of switch 
41 is connected to DOUT by contact with its column con- 
tact electrode (CC), but the fixed -2 volt from switch ele- 
ment 42 is disconnected from DOUT. Thus DOUT is +6 
volts. 

[0054] However, when MEMS switch element 41 is cleared but 

switch element 42 is set, the fixed -2 volts applied to the 
row contact electrode (RC) of switch 42 is connected to 
DOUT by contact with its column contact electrode (CC), 
but the fixed +6 volt from switch element 41 is discon- 
nected from DOUT. DOUT is then -2 volts. 

[0055] Thus the pair of MEMS switch elements 41, 42 drive DOUT 
to either +6 or -2 volts. Data output DOUT can be con- 
nected to column lines in the MEMS display array that 
have MEMS display elements such as shown and described 



in Figs. 1-2. 

[0056] pig. 4B is a waveform showing operation of the MEMS 
storage mux of Fig. 4A. The complementary row-select 
signals SEL_0, SEL_0B are both de-selected when driven to 
+2 volts. During de-select periods, the MEMS switch ele- 
ments 41, 42 hold their previous states. 

[0057] B 0t h complementary row-select signals SEL_0, SEL_0B are 
driven to select voltages at the same time. SEL_0 is pulsed 
low to 0 volts, while SEL_0B is pulsed high to +4 volts. At 
select time Tl, when DIN is +6 volts, the row-column 
voltage difference for switch element 41 that receives 
SEL_0 (Ov) is (+6 - 0 =) 6 volts, which is above the upper 
threshold, setting switch element 41. However the row- 
column voltage difference for switch element 42 that re- 
ceives SEL_0B (4v) is (+6 - +4 =) 2 volts, which is below 
the lower threshold, clearing switch element 42. 

[0058] since switch element 41 is set but switch element 42 is 
cleared at time Tl, output data DOUT is driven to +6v by 
the +6v applied to the column contact electrode of switch 
element 41. This output state is held as SEL_0 and SEL_0B 
are de-selected (driven back to +2v) even when the input 
data changes to -2v. 

[0059] Later, at select time T2, SEL_0 and SEL_0B are pulsed on 



again. Since DIN is now -2 volts, the row-column voltage 
difference for switch element 41 that receives SEL_0 (Ov) is 
(-2 - 0 =) -2 volts, which is below the lower threshold, 
clearing switch element 41. However the row-column 
voltage difference for switch element 42 that receives 
SEL_0B (4v) is (-2 - +4 =) -6 volts, which is above the up- 
per threshold, setting switch element 42. 
[0060] since switch element 42 is set but switch element 41 is 
cleared at time T2, output data DOUT is driven to -2v by 
the -2v applied to the column contact electrode of switch 
element 42. 

[0061] Figure 5 shows a 1:16 mux constructed from MEMS stor- 
age muxes. Sixteen one-bit MEMS storage muxes 40, 
40',. ..40" are each connected to the same data input DIN 
at the column electrode input of MEMS switch elements 
41, 42. All switch elements 41, 41', ...41" have row con- 
tact electrodes connected to a fixed +6 volts, while switch 
elements 42, 42', ...42" have row contact electrodes con- 
nected to a fixed -2 volts. Thus each one-bit MEMS stor- 
age mux 40, 40', ...40" can drive either +6 or -2 volts to 
its output Q0:15. 

[0062] Each of the 16 one-bit MEMS storage muxes 40, 40',... 
40" is driven by a different pair of complementary row- 



select lines, and each drives a different data output 
Q0:15. Normally only one pair of row-select lines is acti- 
vated (selected) at a time while the other 15 pairs of row- 
select lines are not activated (de-selected). 

[0063] | n normal operation, each of the 16 one-bit MEMS storage 
muxes 40, 40', ...40" is loaded (set/cleared) while the 
others are de-selected. For example, DIN can be set to the 
data for column 0 that is driven to the display by Q0, and 
then select lines SEL_0 and SEL_0B are activated (driven to 
0, 4 volts, respectively) while the other select lines 
SEL_1:15 and SEL_1B:15B are de-selected (all driven to +2 
volts). The first one-bit MEMS storage mux 40 is set by 
DIN and drives Q0. Then this state of DIN is stored by 
one-bit MEMS storage mux 40, which drives Q0 with +6 
volts when DIN was high, or -2 volts when DIN was low. 

[0064] The next one-bit MEMS storage mux 40' is then pro- 
grammed by driving select lines SEL_1 and SEL_1B to 0, 4 
volts, respectively, while the other select lines SEL_0, 
SEL_2:15 and SEL.0B, SEL_2B:15B are de-selected (all 
driven to +2 volts). The data for column 1 is driven onto 
DIN and loaded into one-bit MEMS storage mux 40'. Col- 
umn 1 of the display is then driven to +6 or -2 volts by 
Ql from one-bit MEMS storage mux 40'. Programming of 



the other one-bit MEMS storage muxes 40" can continue 
by activating a different pair of row-select lines until all 
16 one-bit MEMS storage muxes 40, 40', 40" have been 
programmed. 

[0065] T he 16 one-bit MEMS storage mux 40, 40', ...40" drive 16 
data-outputs Q0:15 that can be columns in a display 
MEMS array. Together, the 16 one-bit MEMS storage 
muxes 40, 40', ...40" form 1:16 MEMS storage mux 50. 
Arrays with more than 16 columns can be driven by using 
additional 1:16 MEMS storage muxes 50. Several such 
1:16 MEMS storage muxes 50 can be programmed in par- 
allel or in a sequence. 

[0066] Figure 6 shows MEMS muxes for driving a 240-column 

display. Fifteen data inputs DO: 15 are applied as a parallel 
data word at a time. Each data input line is connected to a 
different 1:16 MEMS storage mux 50, 50',. ..50" and ex- 
panded by the mux to drive 16 columns of the display. 
For example, DO is input to 1:16 MEMS storage mux 50 
and drives columns 0 to 15 through mux outputs Q0:15. 
Dl is input to 1:16 MEMS storage mux 50' and drives 
columns 16 to 31 through mux outputs Q16:31. 

[0067] The complementary row-select lines SEL_0:15 and 
SEL_0B:15B are applied to all 15 1:16 MEMS storage 



muxes 50, 50', ...50" in parallel. Thus the 15-bit input 
word DO: 15 contains 15 separate bits that are pro- 
grammed into each of the 15 1:16 MEMS storage muxes 
50, 50', ...50" at the same time. A total of 16 different 
15-bit data words can be applied in sequence and pro- 
grammed into all the one-bit MEMS storage muxes to 
drive the 240 columns of the display. Column MEMS mux 
52 contains a total of 15 x 16 or 240 one-bit MEMS stor- 
age muxes 40, 40', ...40", or twice as many (480) MEMS 
switch elements 41, 42. ..41", 42". 
[0068] Figure 7 shows a MEMS display with a column MEMS mux 
on the same glass substrate. Substrate 60 can be a clear 
glass substrate or some other substrate material such as a 
plastic sheet and can have multiple layers. MEMS elements 
are formed on a surface of substrate 60, such as on the 
underside. In particular, an array of MEMS display ele- 
ments is formed as MEMS display array 56 on substrate 
60. In this simple example MEMS display array 56 has 320 
rows and 240 columns of mono-color display elements, 
but color displays could have three display elements (red, 
green, and blue) for each pixel location, or a total of 720 
columns. 

[0069] Also formed on substrate 60 is column MEMS mux 52. 



Column MEMS mux 52 is formed from MEMS switch ele- 
ments that can be arrayed or can be in a looser pattern on 
substrate 60. Since the dimensions of MEMS display ele- 
ments and MEMS switch elements are similar, matching 
column muxes to display columns is facilitated. Since both 
column MEMS mux 52 and the columns in MEMS display 
array 56 are on the same substrate 60, external wires be- 
tween column MEMS mux 52 and MEMS display array 56 
are avoided. Instead, relatively short metal traces on sub- 
strate 60 can connect column MEMS mux 52 to MEMS dis- 
play array 56. A total of 240 such traces can drive the 240 
columns of MEMS display array 56 from column MEMS 
mux 52. 

[0070] The use of on-glass muxes significantly reduces the num- 
ber of inputs to substrate 60. For example, rather than re- 
quire 240 inputs from external column drivers 54 for each 
of the 240 columns, only a 15-bit data word D0:14 is 
driven onto substrate 60 from external column pre- 
drivers 54, along with 16 pairs of complementary row- 
select lines SEL_0:15, SEL_0B:15B. A total of 47 data/se- 
lect inputs are needed from external column pre-drivers 
54 to column MEMS mux 52 on substrate 60, rather than 
240 column data inputs from external column pre-drivers 



54 to substrate 60. This is a net reduction of 193 inputs, 
or about 80%. The size of connectors and cable or wires 
and from external column pre-drivers 54 to substrate 60 
can be substantially reduced. 

[0071] External column pre-drivers 54 can be a custom designed 
chip or a programmable-logic chip that receives graphics 
data words on a DATA input that are synchronized to an 
input clock CLK, and outputs the data in 15-bit words 
DO: 14 to column MEMS mux 52. External column pre- 
drivers 54 also generates the complementary row-select 
signals SEL_0...SEL_15B in sequence to load the 15-bit 
data words into column MEMS mux 52. 

[0072] An entire row (line) of the display is loaded after 16 such 
15-bit words are loaded into column MEMS mux 52 and 
driven to columns of MEMS display array 56. One of the 
rows R0:319 is activated by external row drivers 58 by 
driving a select voltage such as 0 volts onto the row, while 
the other 319 rows are de-selected by driving a de-select 
voltage such as +2 volts onto the de-selected rows. The 
display data from external column pre-drivers 54 is 
stored by MEMS switch elements in column MEMS mux 52 
and then driven on the column lines to MEMS display ele- 
ments in the selected row of MEMS display array 56. This 



display data is then stored in the selected row of MEMS 
display elements when the row line is de-selected until 
the next frame is refreshed. 

[0073] The external column pre-drivers 54 can generate a pulse 
of the row clock RCLK to external row drivers 58. The row 
clock causes the next row R0:319 in MEMS display array 
56 to be activated by external row drivers 58. Then exter- 
nal column pre-drivers 54 can load column MEMS mux 52 
with another 16 15-bit words for the next row of display 
data, and the row-clock again pulsed. This process of 
loading rows of display data into column MEMS mux 52 is 
repeated until all rows have been loaded. Then external 
row drivers 58 loop back from last row R319 to first row 
R0 and the next frame of display data is refreshed to 
MEMS display array 56. 

[0074] Figure 8 shows a MEMS display with both column and row 
MEMS muxes on the display glass substrate. External row 
drivers 58 in Fig. 7 required a cable and connectors for 
320 row signals. MEMS muxing may also be provided on 
substrate 60' for the rows to further reduce off-substrate 
interconnect. 

[0075] Substrate 60' contains MEMS display elements in MEMS 
display array 56, and MEMS switch elements in column 



MEMS mux 52 and in row MEMS mux 62. External column 
pre-drivers 54 receive display data and drive column 
MEMS mux 52 are described for Fig. 7. The row clock 
RCLK from external column pre-drivers 54 causes exter- 
nal row pre-drivers 64 to shift the selected row. However, 
rather than output all 320 row lines, external row pre- 
drivers 64 outputs only 20 data lines and 16 pairs of 
complementary select lines SEL_0...SEL_15B to substrate 
60'. 

[0076] r ow MEMS mux 62 is constructed in a similar manner to 
column MEMS mux 52, but has 20 1:16 MEMS storage 
muxes rather than just 15. Each time the row-clock 
pulses, a different row is selected, and external row pre- 
drivers 64 loads row MEMS mux 62 with new data. Exter- 
nal row pre-drivers 64 can contain a ring pointer or shift 
register with all zeros except a one for the selected row. 
The zeros and one from this ring pointer are then output 
as the 20-bit data words DO: 19 to row MEMS mux 62 on 
substrate 60' while external row pre-drivers 64 activates 
pairs of select lines SEL_0, SEL_0B,...SEL_15, SEL.15B in 
sequence to load the row data into row MEMS mux 62. 
Row MEMS mux 62 then drives the select voltage (0 volts) 
onto the one selected row to MEMS display array 56, while 



the other 319 non-selected rows are driven with the non- 
select voltage (+2 volts). 

[0077] The off-substrate interconnect is significantly reduced us- 
ing on-substrate row muxing. The number of external 
signals or wires for the rows is reduced from 320 in Fig. 7 
to 52 in Fig. 8. This is a net reduction of 268 external 
connections, or 84% of the rows. Using both column and 
row MEMS muxes on substrate 60' reduces the number of 
off-substrate interconnects by 193+268 or 461 external 
connections. This is a reduction of over 80% of the row 
and column interconnect. Of course, other signals must 
still be connected to substrate 60', such as +6 and -2 volt 
power supplies, etc. 

[0078] More complex external row pre-drivers 64 could over- 
write just the 20-bit data words DO: 19 that change when 
the row clock pulses, rather than scan all 16 20-bit data 
words. Since only one row is selected at a time, most data 
words are all zeros and do not change. For example, first 
DO is driven to the active state (+6v) while Dl-19 are 
driven to the inactive state (-2v). Row 0 is driven to Ov, 
row 0B is driven to +4v. All other row selects are at +4v, 
making all other row outputs select the 2v fixed voltage 
while the first output goes to the active row condition of 



Ov. On the next RCLK pulse, DO remains in the same state 
(active+6v) but rowO is driven back to the inactive state 
(along with keeping Rows 2-15 inactive and making row 
Rl active. This is done for all 16 rows. Then DO is driven 
inactive, D(i) is activated, and the procedure is repeated. 

[0079] Another possibility is to build a MEMS shift register on 

substrate 60' that is driven by RCLK could also be used for 
the rows rather than use row muxing. This could eliminate 
external row pre-drivers 64. 

[0080] Figures 9A-C show redundant MEMS switch elements to 
increase manufacturing yield. Defects can occur during 
display manufacture that can cause a MEMS switch ele- 
ment to be open or short. Adding redundant MEMS switch 
elements can improve manufacturing yield, and as the 
size and cost of MEMS decreases, the additional cost of 
redundant element can be less than the cost benefit of an 
improvement in yield due to the redundant elements. 

[0081] | n pig. 9A, MEMS switch elements 70, 71 are connected in 
series as a series redundancy. MEMS switch elements 70, 
71 can together replace one MEMS switch element 41 (or 
42) of Figs. 4A, 5. The data input DIN connects to the col- 
umn electrode of both switch elements 70, 71, while the 
select input SEL connects to both switches' row electrodes. 



Thus both MEMS switch elements 70, 71 should operate in 
the same manner, and be in the same state. 

[0082] The contact electrodes are connected in series. The fixed 
voltage of +6 (or -2) volts is applied to the row contact 
electrode of element 70, while the column contact elec- 
trode of element 70 drives the row contact electrode of 
element 71. The column contact electrode of element 71 
drives the output DOUT. 

[0083] when switch elements 70, 71 are set or in the hold state 
after being set, the fixed +6v passes between the contact 
electrodes of both switch elements 70, 71 to output 
DOUT. When switch elements 70, 71 are cleared or in the 
hold state after being cleared, the fixed +6v is isolated 
from output DOUT since the contact electrodes don't 
touch. 

[0084] when a manufacturing defect causes either of MEMS 

switch elements 70, 71 to be shorted, the row and column 
contact electrodes in the shorted switch element are al- 
ways connected together. However, the other redundant 
switch element can still perform the intended function. 
For example, when switch element 70 is shorted, switch 
element 71 can still break the connection of the fixed +6v 
voltage to DOUT, even though the +6 voltage is shorted 



between the row and column contact electrodes of switch 
element 70. 

[0085] | n pig. 9B, MEMS switch elements 74, 76 are connected in 
parallel as a parallel redundancy. MEMS switch elements 
74, 76 can together replace one MEMS switch element 41 
(or 42) of Figs. 4A, 5. The data input DIN connects to the 
column electrode of both switch elements 74, 76, while 
the select input SEL connects to both switches' row elec- 
trodes. Thus both MEMS switch elements 74, 76 should 
operate in the same manner, and be in the same state. 

[0086] The contact electrodes are connected in parallel. The fixed 
voltage of +6 (or -2) volts is applied to the row contact 
electrode of both elements 74, 76, while the column con- 
tact electrodes of elements 74, 76 together drive the out- 
put DOUT. 

[0087] when switch elements 74, 76 are set or in the hold state 
after being set, the fixed +6v passes between the contact 
electrodes of either or both switch elements 74, 76 to 
output DOUT. When switch elements 74, 76 are cleared or 
in the hold state after being cleared, the fixed +6v is iso- 
lated from output DOUT since the contact electrodes don't 
touch. 

[0088] when a manufacturing defect causes either of MEMS 



switch elements 74, 76 to be open, the row and column 
contact electrodes in the open switch element are always 
dis-connected and can never connect. However, the other 
redundant switch element can still perform the intended 
function. For example, when switch element 76 is open, 
switch element 74 can still make the connection of the 
fixed +6v voltage to DOUT, even though the +6 voltage is 
prevented from connecting between the row and column 
contact electrodes of open switch element 76. 

[0089] In Fig. 9C, MEMS switch elements 74, 76, 78, 79 are con- 
nected in series and in parallel as a series-parallel redun- 
dancy. MEMS switch elements 74, 76, 78, 79 can together 
replace one MEMS switch element 41 (or 42) of Figs. 4A, 
5. The data input DIN connects to the column electrode of 
all four switch elements 74, 76, 78, 79 and the select in- 
put SEL connects to all four switches' row electrodes. Thus 
all four MEMS switch elements 74, 76, 78, 79 should op- 
erate in the same manner, and be in the same state. 

[0090] The contact electrodes are connected in parallel for switch 
elements 74, 76, and again for switch elements 78, 79. 
The contact electrodes are also connected in series for 
switch elements 74, 78, and again for switch elements 76, 
79. 



[0091] The fixed voltage of +6 (or -2) volts is applied to the row 
contact electrode of both elements 74, 76, while the col- 
umn contact electrodes of elements 78, 79 together drive 
the output DOUT. 

[0092] when a manufacturing defect causes any one of the four 
MEMS switch elements 74, 76, 78, 79 to be open, the row 
and column contact electrodes in the open switch element 
are always dis-connected and can never connect. How- 
ever, the other redundant parallel switch element can still 
perform the intended function. For example, when switch 
element 76 is open, switch element 74 can still make the 
connection of the fixed +6v voltage to DOUT through 
switch element 78, even though the +6 voltage is pre- 
vented from connecting between the row and column 
contact electrodes of open switch element 76 through 
switch element 79. 

[0093] when a manufacturing defect causes any one of the four 
MEMS switch elements 74, 76, 78, 79 to be shorted, the 
row and column contact electrodes in the shorted switch 
element are always connected together. However, the 
other series-redundant switch element can still perform 
the intended function. For example, when switch element 
74 is shorted, switch element 78 can still break the con- 



nection of the fixed +6vvoltage to DOUT, even though 
the +6 voltage is shorted between the row and column 
contact electrodes of switch element 74. Likewise, if 
switch element 79 is shorted, switch element 76 can 
break the connection. 

[0094] Figure 10 is an alternative embodiment of the one-bit 

MEMS storage mux using only one select line rather than 
two complementary select lines. Having a pair of comple- 
mentary select lines may be undesirable in some cases. A 
single select line may be used when the two MEMS switch 
elements 41, 42 of Figs. 4A, 5 are replaced with the six 
MEMS switch elements 82, 84, 86, 88, 80, 90 of Fig. 10. 

[0095] MEMS switch elements 80, 90 perform the same function 
as MEMS switch elements 41, 42, but have internal-select 
lines R2, Rl driving their row electrodes, respectively, 
rather than the complementary row-select lines. 

[0096] when SEL is active (0 volts), internal-select line R2 is 

driven to an activating select voltage of 0 volts by switch 
element 86. Also, internal-select line Rl is driven to an 
activating select voltage of +4 volts by switch element 82. 
Thus switch elements 80, 90 are driven with activating 
voltages of 0, +4 volts when SEL is active (0 volts). 

[0097] when SEL is inactive (+4 volts), internal-select line R2 is 



driven to a de-select voltage of +2 volts by switch ele- 
ment 88. Also, internal-select line Rl is driven to a de- 
select voltage of +2 volts by switch element 84. Thus both 
switch elements 80, 90 are driven with a de-select voltage 
of +2 volts when SEL is inactive (-2 volts). 
[0098] Figure 11 highlights transparency-weighted gray-scaling 
for a MEMS sub-pixel. Each pixel location in MEMS display 
array 56 (figs. 7, 8) can have more than one MEMS display 
element, and can have more than one row and one col- 
umn. For example, a full-color display could have one red, 
one green, and one blue MEMS display element for the 
three sub-pixels. Additional MEMS display elements can 
be added for showing shades of each primary color, or 
shades of gray. Shading of colors can be referred to as 
gray-scaling even when the display is not a black- 
and-white display but is a color display. The gray-scaling 
techniques are simply applied to all three primary color 
sub-pixels. 

[0099] Many methods and combinations of methods can be used 
for gray-scaling. For example, the time that a pixel is 
turned on and off can be adjusted relative to other pixels, 
so that pixels that are on for longer periods of time ap- 
pear brighter. The rows select timing can be modulated to 



accomplish this gray-scaling. 

[0100] Each sub-pixel can be further sub-divided into a group 

several MEMS display elements. The number of MEMS dis- 
play elements in the group that are turned on determines 
the gray shade. More MEMS display elements are turned 
on for brighter shades while fewer MEMS display elements 
are turned on for darker shades. The size or area of the 
MEMS display elements in each sub-pixel group do not 
have to be equal. Larger-area MEMS display elements can 
be turned on for brighter shades than when smaller-area 
MEMS display elements are turned on. 

[0101] Another gray-scaling technique is to vary the transmit- 
tance or transparency of the glass substrate over the 
MEMS display elements. This is known as transparency- 
weighted gray-scaling. Small black dots can be printed on 
the panel glass substrate in varying degrees of opacity. 
For example, in Fig. 11, a sub-pixel is further divided into 
8 MEMS display elements that can be separately turned on 
and off. Display element 93 has a high density of dots 
printed over it and is the darkest shade. Display elements 
98, 96 have a lower density of printed dots and thus have 
a higher transparency. Display element 92 has clear glass 
over it and is the brightest shade. 



[0102] a large number of shades can be displayed from the 8 
display elements 92-99. For example, a weighting of 72 
(64+4+8) can be displayed by turning on display ele- 
ments 94, 97, and 99 and turning off display elements 92, 
93, 95, 96, 98. A total of 2 8 or 256 shades can be dis- 
played in this example. This is known as area weighting. 

[0103] The number of rows and columns can increase signifi- 
cantly when such gray-scaling is used. For example, a 
mono-color display with 8 MEMS display elements per 
pixel location can have 2x the number of column and 4x 
the number of rows (or vice-versa). A color display with 3 
primary sub-pixels has 3x the number of rows (or 3x the 
number columns). A color, 256-transparency gray-scale 
display could have 6x columns and 4x rows. As the num- 
ber of rows and columns increases, the benefits of the in- 
vention are more compelling, since the rapid increase in 
row/column interconnect to the glass substrate from off- 
substrate row and column drivers is reduced substantially 
by about 80%. Thus the invention can enable such ad- 
vanced gray-scaling and color shading that might other- 
wise not be feasible due to interconnect costs and com- 
plexity. 

[0104] A n advantage of transparency weighting occurs when the 



limit is reached on the smallest size of an individual dis- 
play element. For example, 256 shades using 255 
equally-sized and smallest-sized display elements might 
be too large to fit all of the elements into the given di- 
mensions of a display size for some given resolution. The 
8-equally sized but varying opacity cells would allow 256 
shades with only 8-elements but have an overall reduction 
in maximum brightness compared with a display with no 
opacity limitations. The display of Fig. 11 display would 
be only 1 + 1/2 + 1/4. .. + 1/128 or about 25% as bright as a 
similar display with all 8 cells at 100%., but, by combining 
the two techniques of area weighting and transparency 
weighting, a trade-off between brightness and the num- 
ber of required display elements can be reached. 
[0 1 05] ALTERNATE EMBODIMENTS 

[0106] Several other embodiments are contemplated by the in- 
ventor. For example. Different mux sizes (ratios) could be 
substituted for driving different display sizes and configu- 
rations. Nested muxes could also be used rather than one 
level of muxing. The data widths and arrangements of the 
MEMS muses can be adjusted to accommodate different 
display sizes and configurations. A 240 by 320 display 
has been shown as an example, but many other display 



sizes can be accommodated. For example, a 480-column 
display could be driven by 2 column MEMS mux 52 that 
each receive a 15-bit input-data word, or by using 1:32 
muxes rather than 1:16 MEMS storage muxes. Row multi- 
plexing rather than column multiplexing could be substi- 
tuted, and the terms row and column could be inter- 
changed as the display is rotated. The switching speed of 
the MEMS switch may determine how wide and how many 
muxes are used. If the switching speed is slow the muxing 
may be such that there are only modest improvements in 
the interconnection reduction. However, at high switching 
speeds the best improvements are realized. 
[0107] Different voltages could be applied than the voltages used 
in the examples. Some MEMS elements may have different 
thresholds and thus require that different voltages be ap- 
plied. Inversions of display visibility or signals may be 
used in some embodiments. MEMS elements can be con- 
structed in a variety of ways and have many different 
physical shapes and dimensions and layouts and can have 
different appearances from the simplified examples used 
herein to teach the principles of the invention. The MEMS 
switches may be laid out in an alternating-row arrange- 
ment to reduce the column pitch of the muxes. Since a 



pair of MEMS switches are used for each column mux, the 
pair of MEMS switches could be laid out in the width of 
one column MEMS element by stacking the two MEMS 
switches of the mux. An insulating layer can prevent elec- 
trical contact between intersecting row and column con- 
tact electrodes where a MEMS switch is not desired. The 
+6 and -2 volt lines could be routed along the pair of 
rows for the mux. Row muxes could also be stacked, but 
horizontally to match the row pitch. 
[0108] MEMS elements are fabricated on a glass substrate, which 
can be a rigid silicon-dioxide or other type of glass, or 
may be a plastic or other kind of substrate. The viewer 
may see light transmitted through glass substrate that is 
altered by MEMS display elements on the back surface of 
substrate 10, or may view light altered by MEMS elements 
on the front surface of substrate 10. Additional layers and 
films may be added to substrate 10, such as to reduce 
glare. 

[0109] The MEMS display elements could have only two elec- 
trodes as shown, or could have the additional contact 
electrodes as do the MEMS switch elements. All MEMS ele- 
ments could be manufactured with four electrodes, but 
the contact electrodes are not used or not connected for 



the display elements, although this may be impractical 
when the contact electrode block light. 

[0110] other techniques can be combined with the invention. For 
example, the display can be divided into two or more log- 
ical displays and a dual-scan technique used to refresh 
both half-displays at the same time, increasing the effec- 
tive refresh rate and thus reducing flicker. Many gray- 
scaling techniques and combinations of techniques can be 
employed, especially for slow MEMS switching speeds. 

[° 1 1 1 ] The abstract of the disclosure is provided to comply with 
the rules requiring an abstract, which will allow a searcher 
to quickly ascertain the subject matter of the technical 
disclosure of any patent issued from this disclosure. It is 
submitted with the understanding that it will not be used 
to interpret or limit the scope or meaning of the claims. 
37 C.F.R. § 1.72(b). Any advantages and benefits de- 
scribed may not apply to all embodiments of the inven- 
tion. When the word "means" is recited in a claim element, 
Applicant intends for the claim element to fall under 35 
USC § 112, paragraph 6. Often a label of one or more 
words precedes the word "means". The word or words 
preceding the word "means" is a label intended to ease 
referencing of claims elements and is not intended to 



convey a structural limitation. Such means-plus-function 
claims are intended to cover not only the structures de- 
scribed herein for performing the function and their 
structural equivalents, but also equivalent structures. For 
example, although a nail and a screw have different struc- 
tures, they are equivalent structures since they both per- 
form the function of fastening. Claims that do not use the 
word means are not intended to fall under 35 USC §112, 
paragraph 6. Signals are typically electronic signals, but 
may be optical signals such as can be carried over a fiber 
optic line. 

12 ] The foregoing description of the embodiments of the in- 
vention has been presented for the purposes of illustra- 
tion and description. It is not intended to be exhaustive or 
to limit the invention to the precise form disclosed. Many 
modifications and variations are possible in light of the 
above teaching. It is intended that the scope of the inven- 
tion be limited not by this detailed description, but rather 
by the claims appended hereto. 



